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ABSTRACT

Piwi-interacting RNAs (piRNAs) are small noncoding RNAs generated by a conserved pathway. Their most widely studied
function involves restricting transposable elements, particularly in the germline, where piRNAs are highly abundant.
Increasingly, another set of piRNAs derived from intergenic regions appears to have a role in the regulation of mRNA from
early embryos and gonads. We report a more widespread expression of a limited set of piRNAs and particularly focus on their
expression in the hippocampus. Deep sequencing of extracted RNA from the mouse hippocampus revealed a set of small RNAs
in the size range of piRNAs. These were confirmed by their presence in the piRNA database as well as coimmunoprecipitation
with MIWI. Their expression was validated by Northern blot and in situ hybridization in cultured hippocampal neurons, where
signal from one piRNA extended to the dendritic compartment. Antisense suppression of this piRNA suggested a role in spine
morphogenesis. Possible targets include genes, which control spine shape by a distinctive mechanism in comparison to
microRNAs.
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INTRODUCTION

The discovery of piRNAs stemmed from a search for
noncoding RNAs that interacted with the protein Piwi
(Aravin et al. 2006; Girard et al. 2006; Grivna et al. 2006a;
Watanabe et al. 2006). Piwi was identified as essential for
Germ Line Stem Cell (GSC) maintenance in Drosophila
(Lin and Spradling 1997) by mediating a highly conserved
somatic signaling mechanism (Cox et al. 1998). Emerging
from the class of piRNAs are two subtypes of small non-
coding RNAs. One set is abundant in germ cells, appears to
restrict transposable elements, and is generated by a mecha-
nism called ‘‘ping-pong’’ (Aravin et al. 2007; Malone and
Hannon 2009). A second set is derived from genomic regions
depleted in transposons, is generated by an incompletely
understood pathway called ‘‘primary processing,’’ is present
in somatic cells, and may have a role in the regulation of
target mRNAs. The mouse genome encodes three Piwi-like
proteins—MIWI, MILI, and MIWI2. MIWI is expressed after

birth in pachytene spermatocytes and spermatids and has
been posited to act in translational control (Deng and Lin
2002). MILI and MIWI2 are the only Piwi-family proteins
required for transposon silencing in fetal gonocytes (Aravin
et al. 2008; Kuramochi-Miyagawa et al. 2008). MILI binds
26-nt piRNAs usually derived from sense strands of trans-
posable element transcripts, and MIWI2 prefers 28-nt piRNAs
derived from anti-sense transposable element transcripts
(Aravin et al. 2008). These RNAs undergo ping-pong ampli-
fication, which consumes transposon transcripts during the
generation of new small RNAs (Aravin et al. 2008).

By mass sequencing, more than 52,000 piRNAs were
associated with MIWI, the mouse ortholog of Piwi, and
more than 1000 piRNAs were associated with MILI, a Piwi
family member (Aravin et al. 2006; Girard et al. 2006). The
set of piRNAs falls in a size range of 24–31 bp and thus can
be fractionated as a distinct pool from the smaller z21-nt
miRNAs. The great majority of piRNAs comprise genomic
clusters of 1 to 127 kb often within intergenic sequences.
Although the genomic locations of clusters are conserved,
there is very little conservation at the level of individual
piRNA sequences (Aravin et al. 2006; Girard et al. 2006;
Lau et al. 2006).

Primary piRNA processing has been reported in a Dro-
sophila ovarian somatic cell line where Piwi, but not Aub or
AGO3, is expressed (Lau et al. 2009; Saito et al. 2009). The
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genomic loci for these ovarian somatic cell piRNAs are
flamenco and traffic jam (tj), a large Maf gene (Saito et al.
2009). Another source of piRNAs is 39-untranslated regions
(UTRs) of specific genes in somatic cells of Drosophila ovaries,
murine testis, and Xenopus eggs (Robine et al. 2009; Saito
et al. 2009). A role for piRNAs in translational regulation
has also been suggested particularly in settings in which
transcription and translation are decoupled. MIWI associ-
ates with both piRNAs and mRNAs, particularly the cap-
binding complex, in cytosolic ribonucleoprotein and poly-
somal fractions (Grivna et al. 2006b). In this case, genes
involved in spermiogenesis are transcribed during earlier
stages of spermatogenesis and then translationally repressed
for several days until their protein products are needed. The
piRNA pathway is also involved in the decay of maternal
mRNAs and translational repression in the early embryo.
Specifically, the CCR4-mediated deadenylation of the mRNA
encoding the embryonic posterior morphogen Nanos (Nos)
depends on piRNAs complementary to a specific region in
the nos 39-untranslated region (Rouget et al. 2010). Reduced
deadenylation when piRNA-induced regulation is impaired
correlates with nos mRNA stabilization and translational
derepression in the embryo, resulting in head development
defects. Given the growing likelihood that piRNAs may have
a role in translational regulation and the specialized role for
local translation in neuronal dendrites,
we used deep sequencing to reveal a set
of piRNAs in the hippocampus.

RESULTS

A limited set of piRNAs is relatively
abundant in the hippocampus

Deep sequencing small RNA libraries
from male mouse hippocampus resulted
in 14.83 3 106 total 35-bp reads, and
66.7% of these reads were mapped to the
mouse genome. A parallel experiment in
the female mouse yielded 9.18 3 106

reads and results very similar to those
reported below. Reads that aligned to
rRNA, tRNA, and adaptor sequences
(allowing two mismatches) were filtered.
We further filtered the miRNAs based on
reported miRNA precursor sequences
(allowing two mismatches) and observed
that 50.3% of the reads matched known
miRNAs. The reads from these 35-bp
runs were highly correlated with an in-
dependent sequencing run with 25-bp
tags (data not shown).

After filtering, the remaining small
RNAs (<24 nt) represented 29.7% of
the total and could correspond to novel

miRNAs, endogenous siRNAs, or other small RNAs. 11.3%
of the small RNAs were >24 nt (Fig. 1A). These RNAs fell
into a size range between 25 and 32 nt. Because Piwi-
associated RNAs (piRNAs) fall in this size range, we assessed
whether any of the small noncoding RNAs matched known
piRNA sequences that are reported in the noncoding RNA
database (RNAdb) and the piRNA bank (pirnabank.ibab.
ac.in). We found that 0.76% of the total small RNA species
matched known piRNA sequences. Of these, 172 piRNAs
were detected with five or more tags and showed a size
distribution between 24 and 32 nt (Fig. 1B). 59.3% of these
reads had a ‘‘U’’ at position ‘‘1,’’ suggesting bias toward ‘‘U’’
at the 59 end (Fig. 1C), and the base distribution for the first
10 nucleotides is shown (Supplemental Fig. 1). Also, they
corresponded to the set reported by coimmunoprecipitation
with MIWI. Most of the piRNAs identified in our sample
corresponded to the set reported by coimmunoprecipitation
with MIWI. The set of piRNAs most highly expressed are
mapped to unique intergenic location (Table 1). Among 20
piRNAs, four piRNAs belong to a large cluster on chromo-
some 17 (DQ540285, DQ540284, DQ541506, DQ543676),
which spanned z7000 bp containing 19 known piRNAs in
our sample. In addition to the known piRNAs, thousands of
small RNA sequences of >25 nt were also found within the
cluster. We validated the expression level of the six most

FIGURE 1. Sequencing mapping. (A) Small RNA mapping data. Approximately 50% of small
RNA is mapped to miRNA; z30% of small RNA is <24 nt, which could be novel miRNA,
endogenous siRNA, or other small RNA; z11% of small RNA is mapped to sequences longer
than 24 nt; and z1% is mapped to known piRNA sequences. (B) Size distribution of piRNAs
in mouse hippocampus. piRNA with more than five tags are counted, and their size ranged
between 25 and 32 nt. (C) Nucleotide bias of piRNA. Approximately 60% of piRNAs show that
the first nucleotide is U.
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abundant piRNAs (DQ541777, DQ705026, DQ555094,
DQ719597, DQ689086, and DQ540285) by real-time
PCR. All six of the tested piRNAs mapped to unique sites in
the mouse genome. We detected these piRNAs in eight
different mouse tissues including brain, hippocampus,
heart, liver, lung, spleen, kidney, and testes (Fig. 2A). To
assess the specificity of our real-time PCR reactions, we
included a previously characterized germline piRNA
(DQ715799) that was not expressed in the hippocampal
small RNA library. Real-time PCR analysis showed that
these piRNAs were expressed in all the tissue types tested
with highly variable levels of expression (Supplemental Fig.
2). Among the set of piRNAs studied, brain, hippocampus,
heart, and liver showed relatively high expression compared
to kidney, spleen, lung, and testes (Fig. 2A). The piRNA
(DQ541777) was predominantly expressed in mouse brain
as well as in the hippocampus. Although these real-time
PCR values validated the presence of those piRNAs tested,
the correlation with the tag numbers by deep sequencing was
not always precise (Supplemental Table 1).

To visualize the length of the piRNAs in our data set, we
performed Northern blotting using total RNA fractions
obtained from brain, hippocampus, heart, liver, lung, spleen,
and testes. Northern blot data for DQ705026 showed that all
somatic cell types expressed an z30-nt-long piRNA tran-
script consistent with the 29-nt length of this piRNA by
sequencing (Supplemental Fig. 3).

piRNAs are associated with Piwi proteins to form an
effector multi-protein complex. In mouse, Piwi clade

members are MIWI, MILI, and MIWI2. We looked for
expression of these three Piwi members in the following
murine tissues: whole brain, heart, liver, lung, kidney, and
testes. MIWI protein was expressed in all tissue types tested
but was lower than in testis (Supplemental Fig. 4). Expres-
sion of miwi mRNA was also observed by in situ hybridiza-
tion in the Allen Brain Atlas in several brain regions,
including hippocampus (Allen Brain Atlas, http://mouse.
brain-map.org). These observations were confirmed by
real-time PCR (data not shown). We could not detect
expression of MILI and MIWI2 (data not shown). There-
fore, MIWI is probably the critical Piwi member that
forms a complex with somatic piRNAs in the nervous
system. To test whether brain piRNAs are complexed with
MIWI, we used a MIWI antibody (Girard et al. 2006) to
coimmunoprecipitate those piRNAs identified in our
sequencing experiment. Real-time PCR revealed that all
of the top five uniquely expressed piRNAs (DQ541777,
DQ705026, DQ719597, DQ689086, and DQ540285) were
coimmunoprecipitated with MIWI (Fig. 2B; Supplemental
Fig. 5).

Subcellular localization of piRNP complexes
in hippocampal neurons

Although piRNAs are localized in the perinuclear region of
germ cells (Malone et al. 2009), piRNAs from murine testis
were reported present in the cytoplasm (Grivna et al.
2006b). These observations prompted us to test the neuronal

TABLE 1. Abundant piRNAs in mouse hippocampus

piRNA Reads Sequence Genome location

DQ541777a 16130 GGCTGGTCCGAAGGTAGTGAGTTATCTCAA Chr6 (�): 47738150–47738179
DQ705026a 6257 CTGAAATGAAGAGAATACTCTTGCTGATC Chr16 (+): 23109062–23109090
DQ555094a 3439 TGGGGGGCCCAAGTCCTTCTGATCGAGGCCCA Chr5 (+): 147072600–147072631
DQ719597a 2459 GGTCGATGATGAGAGCTTTGTTCTGAGC Chr4 (+): 130305590–130305617
DQ689086a 1514 TGCAATGATGTCATCTTACTACTGAAA Chr19 (+): 8799064–8799090
DQ540285a,b 1433 ATCGATGTGGTGCTCCGGAGTTCTCTTCGGGC Chr17 (+): 39979944–39979975
DQ540981c 1360 CGGGCCGCCGGTGAAATACCACTACTCTCA Chr18 (�): 54858630–54858659

Chr3 (+): 5860709–5860738
DQ720186 849 AGAGCACCCCATTGGCTACCCAC Chr7 (�): 108030822–108030844
DQ555093 775 TGGGGGGCCCAAGTCCTTCTGATCGAGGC Chr5 (+): 147072600–147072628
DQ540862 639 CCGGGTGATGCGAATCGTAATCTGAGCCGA Chr11 (+): 106362350–106362379
DQ540284b 635 ATCGATGTGGTGCTCCGGAGTTCTCTTCGGG Chr17 (+): 39979944–39979974
DQ541506b 580 GATCGATGTGGTGCTCCGGAGTTCTCTT Chr17 (+): 39979943–39979970
DQ539915 304 AACATTTCCTGGGCCTTTCAGGAATACCACGA Chr1 (�): 24622776–24622807
DQ540861 252 CCGGGTGATGCGAATCGTAATCTGAGC Chr11 (+): 106362350–106362376
DQ715526 207 CACCAAGATGAGTGGTGCAAATCTGATC Chr2 (�): 144091717–144091744
DQ543676b 182 TCGATGTGGTGCTCCGGAGTTCTCTTCGGGC Chr17 (+): 39979945–39979975
DQ722288 175 TTACTTGATGATAGTAAAAGATCTGATG Chr1 (+): 162968482–162968509
DQ551351 168 TGCTTCAACAGTGCTTGAACGGAACCCGGT Chr19 (+): 10057226–10057255
DQ550765 118 TGCGGGATGCCTGGGTGACGCGATCTGCCCG Chr15 (+): 82980194–82980224
DQ708131 115 TATCTGTGAGGATAAGTAACTCTGAGG Chr19 (+): 8798524–8798550

apiRNAs were studied further.
bDQ540285, DQ540284, DQ541506, and DQ543676 belong to a cluster on chromosome 17.
cDQ540981 has two genome locations.
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subcellular localization of four piRNAs (DQ541777, DQ705026,
DQ719597, and DQ540285) by in situ hybridization using
a digoxigenin (DIG) labeled locked nucleic acid (LNA)–
based anti-sense probe (Fig. 3; Supplemental Fig. 6). The
specificity of the in situ hybridization was assessed by a
sense probe as well as a universal control probe (Exiqon).
The expression of these piRNAs was cytoplasmic in cul-
tured mouse hippocampal neurons. Signal from one of the
four piRNAs (DQ541777) extended throughout the den-
drites in a punctate pattern typical of dendritic RNAs (Fig.
3A; Supplemental Fig. 6A).

The cytoplasmic localization of piRNAs in mouse
hippocampal neurons prompted us to determine similarly
the localization of MIWI, the predominantly expressed
Piwi family protein. Immunostained cultured mouse hip-
pocampal neurons revealed that MIWI is localized to
cytoplasm in a punctate pattern (Fig. 3B; Supplemental
Fig. 6B). MIWI puncta extended to neuronal dendrites as
determined by colocalization with the dendritic marker
MAP2 (Fig. 3C; Supplemental Fig. 6C). To support the
functionality of piRNP complexes, we further showed that

piRNA and MIWI were colocalized in neuronal dendrites.
To visualize piRNA in association with MIWI, we performed
in situ hybridization using an LNA-based probe for piRNA
(DQ541777) and then immunostained these neurons us-
ing antibody against MIWI (Fig. 3D). We observed that
50.15% 6 17.23% of piRNA puncta colocalized with
MIWI and 43.67% 6 18.11% MIWI puncta colocalized
with piRNA puncta. Taken together, these observations
point to a role for the piRNP complex in the regula-
tion of dendritic function.

Neuronal function of piRNA DQ541777

The localization of piRNA (DQ541777) in neuronal den-
drite prompted us to design a loss-of-function experiment
using the LNA-based antisense inhibitor of the specific
piRNA (DQ541777) (Fig. 4). Our qPCR analysis showed
that LNA-based antisense inhibition can significantly re-
duce the level of piRNA in rat hippocampal neuron
(P-value = 0.00002) (Supplemental Fig. 7). We then co-
transfected b-actin promoter-driven EGFP plasmid along

FIGURE 2. Analysis of piRNA expression and their association with piRNPs. (A) Real-time PCR expression in mouse tissues. Data were
normalized by U6 small RNA and further multiplied by 1010 for the simplicity of the data presentation. DQ715799 is used as negative control.
Amounts are represented as mean 6 SD. (B) Real-time PCR expression of piRNA after immunoprecipitation with MIWI antibody. Association of
five piRNAs with MIWI was measured after immunoprecipitation by real-time PCR. Amounts of immunoprecipitated piRNAs (light gray) were
normalized with IgG (dark gray). Amounts are represented as mean 6 SD.
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with LNA-based antisense inhibitor of the
piRNA (DQ541777) into hippocampal
neurons at DIV7 and imaged these neu-
rons at DIV21. We observed that in-
hibition of piRNA (DQ541777) activity
led to a statistically significant decrease of
dendrite spine area (8.09% 6 3.47%,
P-value = 0.0020883) (Fig. 4). This obser-
vation suggests that piRNA (DQ541777)
can function as a modulator of dendritic
spine development.

These findings as well as the report
showing a role for piRNA–target in-
teractions in the mediation of Drosoph-
ila head development (Rouget et al.
2010) prompted us to identify putative
targets of specific piRNAs. We bioin-
formatically searched candidate targets
of five piRNAs (DQ541777, DQ705026,
DQ555094, DQ719597, and DQ555093)
with more than 500 tags. The piRNA–
target binding sites are based on sequence
complementarity. Potential piRNA bind-
ing sites on mRNAs with known synaptic
function were found using BLAST align-
ment. Short perfect alignments found by
BLAST were manually extended to see if
the remainder of the piRNA sequence
matched the putative mRNA with partial
complementarity. We also used RNAup
(http://rna.tbi.univie.ac.at/cgi-bin/RNAup.
cgi) to find the best binding sites with
the minimum free energy. Our search
revealed that piRNA DQ541777 could
target the coding region of several neu-
ronal mRNAs including Cdk5rap1 and
Mark1/2 (Supplemental Fig. 8A–C).
piRNAs DQ555093 and DQ555094 have
putative binding sites in the coding
region of AKAP 79/150 (also known as
AKAP5, A-Kinase Anchoring Protein), a
scaffolding protein localized to dendritic
spines (Supplemental Fig. 8D; Robertson
et al. 2009). A nonmuscle myosin, Myo5a
(Myosin Va), is a putative target of piRNA
DQ719597 (Supplemental Fig. 8E). An-
other interesting piRNA is DQ705026,
which can presumably target Astrotactin,
which has been implicated in neuronal
migration (Supplemental Fig. 8F; Adams
et al. 2002). Taken together, these obser-
vations suggest a novel gene regulatory
control of nervous system function by
piRNAs that has been previously shown
to be restricted to the germline. FIGURE 3. (Legend on next page)
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DISCUSSION

Deep sequencing the small RNAs in the mouse hippocam-
pus revealed the presence of a limited set of piRNAs.
However, our filtering for piRNAs required alignment with
known piRNAs; therefore, the remaining 11% of small
RNAs found in the 24–35-nt pool that align to the genome
but have not been studied with regard to their association
with PIWI proteins represents a larger candidate group of
piRNAs in the hippocampus. The most highly expressed
known piRNAs found in the hippocampus are intergenic
with unique locations in the genome. The basis for classi-
fying these small RNAs as piRNAs is the alignment of tags to
sequences in the RNAdb or piRNA banks, validation of these
tags by qPCR, the detection of these piRNAs in a MIWI IP,
and the detection of these piRNAs by in situ hybridization.

piRNAs are most abundant and widely studied in germline
or gonads. A single report described piRNAs in HeLa cells (Lu
et al. 2010). Sharma et al. (2001) also reported that mRNA
encoding the human homolog of the Drosophila piwi, hiwi,
was most highly expressed in the testis followed by the kidney
and then the brain. Our MIWI Western blot data also showed
a similar rank ordering of expression (testis > kidney > brain).

The most highly expressed piRNA in the hippocampus was
DQ541777. In contrast to the other piRNAs localized in
neurons by in situ hybridization, the DQ541777 signal ex-
tended into the dendrites and had a punctate appearance
typical of many RNA-containing compartments in dendrites.
This localization is strongly suggestive of a role in regulating
translation. Like other settings in which piRNAs may regulate
translation, the dendrite is a compartment where translation
is decoupled from transcription and instead is linked to syn-
aptic stimulation. Often changes in translational regulation in
dendrites are reflected in spine changes, and, indeed, anti-
sense suppression of DQ541777 resulted in loss of spine area.

Several mRNAs scored highly as possible targets for
hippocampal piRNAs. Among these were Cdk5rap1 (also

known as C42), which can function as an inhibitor of brain-
enriched kinase, Cdk5 (Ching et al. 2002). Interestingly,
kinase activity of Cdk5 has already been implicated in the
regulation of dendritic spine growth and shrinkage through
modulation of cytoskeletal regulatory proteins, such as Rho
GTPases (Cheung and Ip 2007; Fu and Ip 2007). Mark1/2
(Microtubule Affinity-Regulating Kinase 1/2) also scored
highly as a putative piRNA target. Mark1/2 is an interacting
partner of a key signaling protein, 14-3-3, that has been
shown to regulate dendritic spine development (Angrand
et al. 2006). Another putative target was AKAP79/150, which
can function to regulate dendritic spine area (Robertson et al.
2009), similar to the observations here. Finally, Myosin Va is
a potentially targeted motor protein enriched in the post-
synaptic density (PSD), where it plays a critical role in the
organization of postsynaptic density (Naisbitt et al. 2000).

The growing evidence that piRNAs have a role in somatic
cells related to mRNA translation points to certain contrasts
with the microRNA system. Both protein mechanisms that
recognize these short RNAs are highly conserved; however, in
contrast to miRNAs, which are among the most highly con-
served transcripts, piRNAs are not conserved. One reason
often given for the extraordinary conservation of miRNAs is
the sequence constraints imposed by a large set of targets. The
relative absence of conservation among piRNA sequences
(Aravin et al. 2006; Girard et al. 2006; Lau et al. 2006) might
suggest that their putative targets are more limited.

MATERIALS AND METHODS

RNA preparation

Six-week-old C57BL/6 male and female mice were killed, and mouse
tissues were collected for total RNA isolation. Total RNA was isolated
using the mirVana miRNA Isolation kit (Ambion) following the
manufacturer’s protocol. RNA from immunoprecipitation (IP) was

isolated using Trizol (Invitrogen) and precip-
itated overnight. All RNAs were treated with
DNase I (Ambion) for further experiments.

Small RNA library preparation

Ten micrograms of DNase I–treated total RNA
was size-fractionated using the flashPAGE
Fractionator (Ambion), and small RNA #40
nt was collected. A small RNA library was
prepared using the SOLiD Small RNA Expres-
sion Kit (Applied Biosystems). The quality of
the library was assessed by the Agilent DNA
1000 chip (Agilent Technologies) and then
quantified by quantitative PCR analysis using
primers specific for both adaptors. We then
used 280 pg of library for emulsion PCR. The
emulsion PCR was performed using the SOLiD
ePCR system 3.0 (Applied Biosystems), and the
library was sequenced by SOLiD sequencing.

FIGURE 3. Localization of piRNAs and MIWI in cultured hippocampal neuron. (A) In situ
hybridization of DIV21 mouse hippocampal neurons was performed with respective LNA-
based sense and anti-sense probes as indicated. The nucleus was stained with DAPI; the merged
image shows cytoplasmic localization of piRNAs. Although three piRNAs (DQ540285,
DQ719597, and DQ705026) are restricted to the cell soma, piRNA (DQ541777) extended to
the neuronal dendrite. In situ hybridization with sense control did not show hybridization
signal. A portion of neuron with high-resolution image shown here is marked with a red box in
Supplemental Figure 6. Scale bars, 20 mm. (B) Mouse hippocampal neurons at DIV21 were
immunostained with an antibody against MIWI. Similar to RNA binding proteins, MIWI also
showed a punctate pattern through the neuronal dendrite as well as the cell body. A portion of
neuron with high-resolution image shown here is marked with a red box in Supplemental
Figure 6. Scale bar, 20 mm. (C) Dendritic localization of piRNA (DQ 541777) was confirmed
by immunostaining of mouse hippocampal neurons (DIV21) with a dendritic marker, MAP2.
MIWI puncta colocalized with MAP2. A portion of neuron with high-resolution image shown here
is marked with a red box in Supplemental Figure 6. Scale bars, 20 mm. (D) Association of piRNA
and MIWI was analyzed by in situ hybridization of mouse hippocampal neurons (DIV21) using
LNA-based anti-sense or sense probes and immunostained with a MIWI antibody. Both piRNA
(DQ541777) and MIWI showed a punctate pattern in the neuronal dendrite. piRNA (DQ541777)
and MIWI puncta showed colocalization throughout the neuronal dendrite. In situ hybridization
with a sense control did not show any dendritic signal. A portion of neuron with high-resolution
image shown here is marked with a red box in Supplemental Figure 6. Scale bars, 20 mm.
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Small RNA mapping analysis

At a read length of 35 bp, all beads were analyzed in color space by
the SOLiD small RNA Analysis pipeline (http://solidsoftwaretools.
com). Briefly, the reads that have adaptors at the 59 end or aligned
with tRNAs and rRNAs were removed first. The reads were
matched against miRNA precursors and the mouse genome. To

determine the size of small RNAs, we first found the candidate
alignments based on the first part of the reads and then extended
the matching and compared the remaining part of the reads to
adaptor sequences to identify the adaptors at the end of the reads.

For identification of the piRNAs in hippocampus, mouse piRNA
sequences were downloaded from RNAdb (http://research.imb.uq.
edu.au/rnadb/) and piRNA BANK (http://pirnabank.ibab.ac.in),

FIGURE 4. piRNA (DQ541777) regulates dendritic spine size. (A) Rat hippocampal neurons at DIV7 were co-transfected with either LNA-based
inhibitor of piRNA (DQ541777) or universal control inhibitor along with EGFP plasmid. Neurons were then imaged at DIV21 and spine size was
measured based on GFP fluorescence intensity. The dendrite area chosen for high-resolution images was marked with a green box. Scale bars, 20
mm. (B) Quantitative analysis of mushroom spine area. More than 2075 spines (from 12 neurons) were analyzed in each condition to identify
each spine type (mushroom, cup, stubby, and thin), and their respective area was measured. Change of spine size was observed only in mushroom
spines. Mushroom spine area was calculated from more than 238 spines. The percentage change in area is represented as mean change. P < 0.05
(KS test).
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which include the three largest data sets with thousands of distinct
piRNAs expressed in mouse testes that bind MIWI or MILI (Aravin
et al. 2006; Girard et al. 2006; Lau et al. 2006). All reads that matched
any known miRNA precursors were filtered, and the remaining reads
were mapped against the piRNA sequences. Only reads with >25-bp
alignment were counted. To verify those matching on chromosomes,
all reads were aligned to the genome based on the first 25 bp and
extended. Adaptors were always trimmed during extension. At most,
two mismatches were allowed for mapping small RNA sequences to
the genome. piRNA sequences were also aligned to the mouse
genome by BLAT (Kent 2002), and mouse transposon annotations
were downloaded from the UCSC Genome Browser (http://
genome.ucsc.edu/). The mouse tRNA sequences were downloaded
from GtRNAdb (Chan and Lowe 2009), which contains tRNA gene
predictions made by the tRNAscan-SE (Lowe and Eddy 1997).
Mouse rRNA sequences were collected from BioMart (http://
www.biomart.org/).

Real-time PCR of piRNA

The Taqman small RNA assay for piRNA was custom designed by
Applied Biosystems, and we followed their protocol with minor
modifications described by Tang et al. (2008). DNase I–treated
total RNA (100 ng) as well as immunoprecipitated RNA were
reverse-transcribed using the high-capacity cDNA archive kit
(Applied Biosystems) following the manufacturer’s protocol.
Quantitative PCR was normalized either with the small nucleolar
RNA, U6, or with RNAs obtained through immunoprecipitation
with control IgG. Real-time PCR was performed in duplicate using
1 mL of a 1:20 dilution of cDNA. The normalized qPCR value was
further multiplied by 1010 for simplicity of data presentation.

Northern blotting

Northern blotting was performed as described previously (Lau et al.
2001). Sixty micrograms of total RNA was separated on 15% of TBE-
Urea gel and transferred onto a Zeta-probe membrane (Bio-Rad).
An LNA-based antisense probe for piRNA DQ705026 (Exiqon,
Woburn, MA) was end-labeled with [g-32P]ATP using the T4
polynucleotide kinase (Invitrogen) and used for hybridization.

Neuronal culture

Mouse as well as rat hippocampal neuron cultures were grown as
described previously (Banerjee et al. 2009). Briefly, hippocampuses
from embryonic day 15 (E15) embryos from timed-pregnant mice
(C57BL/6) were dissected, and then dissociated neurons were plated
(30 cells/mm2) onto poly-L-lysine (1 mg/mL) coated glass coverslips.
Similarly, hippocampus from E18 embryos from timed-pregnant rats
(Sprague-Dawley) were dissected and plated onto poly-L-lysine
coated glass coverslips as described above. Neurons were co-cultured
with mouse or rat glial cells accordingly in Neurobasal medium
containing B27 supplement (Invitrogen) up to DIV21.

Immunostaining

DIV18-21 mouse hippocampal neurons were immunostained as
described previously (Banerjee et al. 2009). Neurons were stained
with antibodies against MIWI (1:300 dilution) and MAP2 (1:1000
dilution; Covance, Clone SMI-52). Immunostaining was visual-
ized by cy5-conjugated anti-rabbit as well as cy3-conjugated anti-

mouse secondary antibodies (Jackson Immunoresearch). Neurons
were then imaged on an Olympus FV500 confocal microscope using
an Olympus UPLFLN 403 NA = 1.3 oil immersion objective.
Illumination conditions were kept constant in all experiments.

In situ hybridization

In situ hybridization was performed as described previously
(Banerjee et al. 2009) with minor modifications. Briefly, DIV18-
21 cultured hippocampal neurons were hybridized using digoxige-
nin-labeled (DIG Oligonucleotide Tailing Kit, second generation;
Roche) Lock Nucleic Acid (LNA)–based antisense oligonucleotide
(Exiqon) as well as sense oligonucleotide probes. Neurons were
hybridized in hybridization mix (65% formamide, 53 SSC, 0.1%
Triton X-100, 9.2 mM citric acid, 50 mg/mL heparin, 500 mg/mL
tRNA, and 5 mM MgCl2) containing 3 pmol of DIG-labeled
probes. Probe sequences are as follows: DQ541777 antisense,
ACTCACTACCTTCGGACCAGCC; sense, CTGGTCCGAGGTAG
TGAGTTA; DQ540285 antisense, GAGAACTCCGGAGCACCAC
ATC; sense, GATGTGGTGCTCCGGAGTTCTC; DQ705026 anti-
sense, TCAGCAAGAGTATTCTCTTCAT; sense, ATGAAGAGAA
TACTCTTGCTGA; DQ719597 antisense, CAGAACAAAGCTCTC
ATCATCG; sense, CGATGATGAGAGCTTTGTTCTG. Hybridiza-
tion was performed overnight at 55°C. After hybridization, neurons
were washed as described in the whole-mount in situ protocol by
Exiqon. Following the wash, neurons were incubated in blocking
buffer (100 mM Tris-HCl at pH 7.4, 150 mM NaCl, and 1% protease-
free BSA fraction V) for 60 min at room temperature. Neurons were
then incubated with cy3-labeled anti-DIG antibody (1:400 dilution;
Jackson Immunoresearch) in blocking buffer overnight at 4°C. After
antibody incubation, neurons were washed three times in TBS (100
mM Tris-HCl at pH 7.4 and 150 mM NaCl) at room temperature
with a 5-min interval between each wash. Neurons were visualized
by confocal microscopy (FV500 microscope) using an Olympus
UPLFLN 403 NA = 1.3 oil immersion objective, and illumination
conditions were kept constant in all experiments.

piRNA association with MIWI protein was assessed first by in
situ hybridization using antisense as well as sense probes for
piRNA (DQ541777) as described above and then immunostained
with MIWI antibody (1:300 dilution).

Immunoprecipitation and Western blot

To identify components of the piRNA-associated protein complex,
we immunoprecipitated piRNP complex from mouse (C57BL/6)
brain lysate using antibodies against MIWI as described previously
(Kiriakidou et al. 2005). The specificity of MIWI antibody was
assessed as described previously (Girard et al. 2006). In brief,
mouse hippocampus was homogenized in lysis buffer (20 mM
Tris-HCl at pH 7.4, 200 mM NaCl, 2.5 mM MgCl2, 0.5% NP-40,
0.1% Triton X-100, one tablet of EDTA-free protease inhibitors
per 50 mL of buffer, and 0.1 U/mL RNasin). Then 30 mg of MIWI
and rabbit IgG antibodies was conjugated with Protein A agarose
beads. Equal amounts of tissue lysates were incubated with
Protein A agarose beads conjugated with antibodies for 4 h at
4°C. Following incubation, beads were collected by centrifugation
and washed five times with lysate buffer. The identity of proteins
in immunoprecipitated complexes was analyzed by Western blot
using half of the immunoprecipitated sample, and the other half
of the immunoprecipitated sample was used to detect selected
piRNA association with the immunoprecipitated complex by qPCR.
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Mouse tissue lysates (40 mg) as well as immunoprecipitated
protein complexes were resolved in 8% SDS-Polyacrylamide gel
and then transferred onto PVDF membrane. Following transfer,
the membrane was blotted using antibodies against MIWI, MILI,
and MIWI2. Blots were then incubated with HRP conjugated anti-
rabbit secondary antibody (Jackson Immunoresearch) and visu-
alized by chemiluminescence (Pierce).

Spine analysis

Hippocampal neurons at DIV7 were cotransfected with LNA anti-
sense piRNA inhibitor and EGFP plasmid (Addgene). Based on
EGFP fluorescence, transfected neurons (DIV21) were imaged by
confocal microscopy (FV500) using an Olympus UPLFLN
403 NA = 1.3 oil immersion objective with illumination condi-
tions kept constant in all experiments. Neurons were selected in
a blinded manner under low resolution at which spines are not
visible. Dendritic tracing, spine detection, and spine classification
were performed with NeuronStudio (Rodriguez et al. 2008). A
4-class trainable classifier was created with 47 manually labeled
examples. From the output spine text files, only the spine at-
tachment points and center of mass points were used. From these
we computed the angle of rotation necessary to make each spine
upright and extracted a maximal region of interest around the
spine. The cropped spine image was then fed into a dendritic re-
duction algorithm, which removes remnant pieces of the dendrite,
after which a connected component analysis was performed to
further isolate the spine of interest. Finally, the area was computed
using a thresholded version of the remaining image. S/D ratio was
calculated by the average intensity at the center of mass of the
spine divided by the average intensity below the attachment point.
The mean and standard deviation of the percentage change for
spine measurements were found by re-sampling the data 100 times
using the bootstrapping method. A 2-sided Kolmogorov-Smirnov
test was used to determine P-values.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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